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Volatile  organic  compounds  (VOCs)  released  by  humans  through  their  skin  were  investigated  in  near  real
time using  ion  mobility  spectrometry  after  gas  chromatographic  separation  with  a short  multi-capillary
column.  VOCs  typically  found  in  a small  nitrogen  ﬂow  covering  the  skin  are  3-methyl-2-butenal,  6-
methylhept-5-en-2-one,  sec-butyl  acetate,  benzaldehyde,  octanal,  2-ethylhexanol,  nonanal  and  decanal
at volume  fractions  in  the  low  part  per billion-(ppb)  range.  The  technique  presented  here  may  contributeeywords:
olatile organic compounds (VOC)
on mobility spectrometry (IMS)
ulti-capillary column (MCC)
as chromatography–mass spectrometry
GC–MS)
kin emissions
to  elucidating  some  physiological  processes  occurring  in  the  human  skin.
© 2012 Elsevier B.V. Open access under CC BY-NC-ND license.. Introduction
Human skin is the largest organ of the body, comprising
5–20% of total body weight. The skin constitutes the ﬁrst line
f defence against dehydration, pathogens, injuries and tempera-
ure extremes. Human skin is covered by a continuous hydro-lipidic
lm, representing the actual interface between the viable epider-
al  layers and the outer environment [1]. The composition of
uman skin surface lipids varies over the body, but in sebaceous
land-enriched areas (such as forehead, upper chest) the secretion,
o-called sebum, contains mainly cholesterol, cholesteryl esters,
qualene, diglycerides and triglycerides, wax esters and fatty acids
2]. With regard to fatty acids, the sebum is especially rich in oleic,
inoleic and myristic acids [3].
Various volatile organic substances, particularly aldehydes with
arious chain lengths, are produced from fatty acids by homolytic
-scission caused by UV radiation or bacterial peroxisomal lipid
xidation activity. The molecular structure depends on the oxi-
ized precursor and on the localization of the scission resulting
rom the oxidative attack. These volatile substances are parts of
he body odour. Personal body odour, however, is also inﬂuenced by
∗ Corresponding authors. Tel.: +43 512 504 24632; fax: +43 512 504 24683.
E-mail addresses: Veronika.Ruzsanyi@i-med.ac.at (V. Ruzsanyi),
nton.Amann@i-med.ac.at (A. Amann).
570-0232 © 2012 Elsevier B.V. 
ttp://dx.doi.org/10.1016/j.jchromb.2012.10.028
Open access under CC BY-NC-ND license.consumed food, lifestyle, gender, environmental exposure, genetics
and medication [3].
Scent identiﬁcation has attracted the attention of researchers for
a long time. Identiﬁcation of individuals based on body odour using
dogs is a potentially valuable tool in forensic processes. Searching
for entrapped persons after earthquakes or explosions is also based
on compounds emanated through breath, skin or urine [4–6]. As an
example, a recent study focused on modelling the metabolite plume
of trapped people in a simulated collapsed building conﬁrmed CO2
ammonia and acetone as effective markers for the presence of
trapped humans [7].
Due to the complexity of the samples, previous studies
have applied different analytical technologies for screening VOCs
emanated by the skin, such as gas chromatography coupled with
mass spectrometry (GC–MS) [8].  More than 100 compounds includ-
ing C8–C12 aldehydes, ketones, alcohols and acids were detected
by Gallagher et al., showing a wide range of natural variations
in volatile compounds depending on age and sampling location
[8]. Zhang et al. monitored emanations of the human arm also by
using GC–MS and determined seasonal characteristics of the emit-
ted compounds [9].  Beside this, skin volatiles have been intensively
studied as attractants of mosquitoes [10,11].
Some efforts have been made to mimic  canine olfactory capa-
bilities by applying electronic noses for the detection of volatile
organic compounds emitted from the skin. Various saturated and
unsaturated fatty acids in skin vapours were analysed in real time
using mass spectrometry with an atmospheric pressure ionization
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ource [12]. Di Natale at al. detected a steroid, 5a-androst-16-en-3-
ne, in skin emissions when using a sensor system based on eight
uartz microbalances [13]. This steroid is supposed to be a male
heromone.
Another technique that allows quick analysis of volatile organic
ubstances is ion mobility spectrometry (IMS). This technique was
eveloped in the early 1970s for military use, especially for the
etection of explosives and chemical warfare agents. During the
ast ten years it has been applied not only for military and civil-
an protection, but also for monitoring tasks in the pharmaceutical
ndustry [14,15], toxicology [16], environmental analytics [17,18]
nd medical diagnostics [19–21].
This paper will focus on the near real-time detection of VOCs
eleased by the skin using IMS  coupled with a short multi-capillary
olumn (MCC). IMS  allows detection with extremely good sensi-
ivity for compounds showing high proton afﬁnity, thus especially
uited for analysis of aldehydes, ketones, and alcohols (detec-
ion limits in the low ppb-range). In comparison with the often
rivileged technology of GC–MS, no sample preconcentration is
ecessary before analysis to permit the reduction of artefacts aris-
ng from contaminations as well as faster testing cycles. Because
f the complexity of the samples including high moisture levels,
re-separation of the analytes using gas chromatography is nec-
ssary to increase selectivity. Nevertheless, IMS  technique suffers
rom some limitations in the identiﬁcation of volatiles due to vari-
us instrumental set-ups and the absence of commercially available
ubstance library; therefore parallel GC-MS analyses are invaluable
o advance reliability of identiﬁcation.
Such investigations of human skin emissions might prove to be
 feasible and non-invasive tool for monitoring chemical exposure
nd could contribute to the diagnosis of diseases.
. Materials and methods
.1. Subjects and sampling of skin emissions
Seven members of our research team (one woman  and six men;
ge range: 34–42 years) participated in the study. At least 12 sam-
les were taken from each volunteer during the experiments, with a
ampling rate of 5 min  per sample. Measurements were usually per-
ormed at noon at the same time on at least three consecutive days
o examine individual-related changes in skin emission. However
or one selected volunteer they were repeated in the afternoon at
n interval of several days or even weeks between measurements.
or one volunteer measurements were performed in two different
abs to study the inﬂuence of the room air to which the subject was
xposed.
Candidates were asked to not use any cosmetics on the day of
he experiments and to preferably shower at least 12 h before the
xperiment. No speciﬁc diet was imposed; however candidates had
o abstain from alcohol consumption from at least the day before
he measurements. The study was approved by the local ethics
ommittee of Innsbruck Medical University.
.2. Procedures for VOC collection by GC–IMS
Sampling was performed with a cylindrical stainless steel pan
aving an internal diameter of 102 mm and height of 40 mm (vol-
me  approx. 314 ml)  equipped with a gas inlet and a gas outlet
Fig. 1). Prior to the experiment this pan was tightly ﬁxed on the
kin of the navel area. During the measurements the volunteer was
eated. Next, nitrogen of purity grade 99.9999% was introduced into
he container, ﬁrst at a high ﬂow rate for 2 min  for rinsing and elimi-
ation of air contaminants, and then at a ﬂow rate of 3 ml/min as set
y a mass ﬂow controller (red-y, Burde Co Praezisionsarmaturengr. B 911 (2012) 84– 92 85
GmbH, Vienna, Austria). The outlet of the pan was directly con-
nected to the sample loop integrated in the GC–IMS device. Sample
gas was  sucked in by an internal pump at 3 ml/min and directed
through the sample loop (V = 5 ml)  of a six-port valve. Thus, the
loop was permanently rinsed with the nitrogen ﬂow containing
the emitted skin VOCs.
Samples were taken automatically with a sampling rate of 5 min.
By switching the valve the sample was  injected directly into the
MCC  for separation and further detection by IMS. Samples of indoor
air were also taken before and after the measurements at the place
where the volunteer was sitting.
2.2.1. Sample ﬂow optimization
Beside the 3 ml/min ﬂow rate, which was the lowest possible
stable ﬂow rate for the internal pump, higher sample ﬂows of
8 ml/min and 20 ml/min were also used to rinse the container. At
3 ml/min a constant condition was  achieved. This allowed nearly
half of the sample volume in the container to be exchanged within
the 1 h measurement time, thus enabling adequate reproducibility
between consecutive measurements. By contrast, at higher ﬂow
rates a strong decrease in volumes of detected peaks occurred
because the container’s gas content was  exchanged more quickly.
2.3. GC-MS sampling and sample separation
For three volunteers, in parallel to the GC–IMS measurements
GC–MS analyses were performed. The main goal of this pro-
tocol was  to conﬁrm the IMS  identiﬁcation of analytes under
study using a technique offering more sophisticated identiﬁca-
tion tools. Headspace skin samples for the GC–MS analyses were
taken using a 20 ml  gas-tight glass syringe (Carl Roth GMBH, Karl-
sruhe, Germany) equipped with a replaceable needle. Sampling
was achieved by manually drawing a volume of 18 ml  from the
gas stream ﬂowing through the chamber and subsequently inject-
ing this volume into an evacuated SPME vial (volume: 20 ml,
Gerstel GmbH, Mühlheim an der Ruhr, Germany) sealed with a
1.3 mm butyl/PTFE septum (Macherey-Nagel, Dueren, Germany).
The SPME procedure was  performed automatically using a mul-
tipurpose sampler MPS  (Gerstel, Germany). SPME was achieved
by inserting a 75 m carboxen-polydimethylsiloxane (CAR-PDMS)
ﬁbre (Supelco, Canada) into the vial and exposing it to the con-
tent for ten minutes at 37 ◦C. Immediately after extraction the ﬁbre
was introduced into the inlet of the gas chromatograph, where the
adsorbed VOCs were thermally desorbed at 290 ◦C.
2.4. VOC analysis by GC–IMS
A commercially available GC–IMS (BreathSpec, G.A.S. mbH,
Dortmund, Germany) was  used for the skin experiments. The IMS
is described elsewhere [22,23],  and only a brief summary will be
given in this paper.
The GC–IMS device is equipped with a multi-capillary column
(MCC, OV-5, Novosibirsk, Russia) for gas-chromatographic sepa-
ration. The 20 cm long multi-capillary column consists of 1000
capillaries with an inner diameter of 40 m and a ﬁlm thickness
of 2 m for each capillary. The MCC  was  maintained isothermal at
40 ◦C. Nitrogen (99.9999% purity grade) was  used as drift and car-
rier gas, with ﬂow rates of 200 ml/min and 100 ml/min. The IMS
was heated to maintain a constant temperature of 45 ◦C.
After separation the analytes are introduced into the IMS
ionization chamber, where ions are generated by means of a
radioactive ionization source (tritium (3H), 300 MBq  activity).
During the ionization process the molecules continually undergo
a series of ion–molecule and ion–ion reactions (mainly proton
transfer) with the ionized drift gas (nitrogen). An ion swarm is
periodically injected into the drift tube (length: 50 mm)  every
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Fig. 1. Set-up of GC–IMS. The stainless steel pan used for skin VOC sampling was tightly ﬁxed to the navel/umbilicus of the volunteer using a bandage. The pan was rinsed
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cith  nitrogen ﬂow (3 ml/min) and its outlet was  directly connected to the sample l
00 ms  using a shutter grid. There, the ions drift at ambient
ressure under the inﬂuence of a uniform electric ﬁeld (400 V/cm).
ons of various sizes achieve different velocities inversely related
o their size (cross-section), mass and charge. Collection of these
ons on the detector (Faraday plate) delivers a time-dependent
ignal that corresponds to ion mobility (Fig. 1).
.4.1. Data evaluation
Ion mobility spectra were recorded via an integrated computer
400 MHz  X scale processor). During one run (measurement time:
 min) 650 spectra were recorded, containing 3000 sample points
er spectrum. This gives a matrix with a total of 1.95 million sample
oints. For data visualization and analysis LAV software (version
.5.1, GAS GmbH, Dortmund, Germany) was used. In addition to
orrect minimal variations in drift and retention time, the data were
ligned using the LAV software. Peak volumes in deﬁned areas of the
dentiﬁed compounds on the 3D topographic plots were calculated
nd used to determine calibration curves and compute concentra-
ions.
Reduced ion mobilities of analytes were calculated from drift
imes using the normalization factor FIMS according to the following
ormula [24]:
IMS = [cm−2 V−1] = K0 RIP · tD RIP = K0 analyte · tD analyte
hereby K0 RIP is the reference reduced ion mobility for reaction ion
eak (RIP) [cm2 V−1 s−1], tD RIP is the drift time of RIP [ms], K0 analyte
cm2 V−1 s−1] and tD analyte is the drift time of analyte.
The normalization factor represents all variables that can change
ccording to variations in environmental parameters, and thus was
alculated for every measurement.tegrated in the GC–IMS device.
Reference reduced ion mobility for reaction ion peak (RIP)
was calculated according to the following equation determined as
1.342 cm2 V−1 s−1.
K0 RIP =
L
E · tD
· P
P0
· T0
T
,
where tD is the drift time [ms]; P is the pressure of the drift gas
[h Pa]; P0 is the normal pressure = 1013.2 [h Pa]; T is the tempera-
ture of the drift gas [K]; T0 is the normal temperature = 273.2 [K].
2.4.2. Calibrations
Test gases for 3-methyl-2-butenal, 6-methylhept-5-en-2-one,
sec-butyl acetate, benzaldehyde, octanal, 2-ethylhexanol, nonanal
and decanal were prepared in zero air (hydrocarbon impuri-
ties < 10 ppb) with 100% relative humidity at 20 ◦C using a test
gas generator (GASLAB, Breitfuss Messtechnik GmbH, Harpst-
edt, Germany). All chemicals were purchased from Sigma–Aldrich
(Vienna, Austria). In the gas generator the liquid substances were
introduced into a vaporizer with determined ﬂow rate and evapo-
rated at 100 ◦C. Next, their vapours were diluted with zero air by
means of integrated mass ﬂow controllers producing gas standards
of the selected volatiles within the range of 0.2 and 30 ppb.
Calibration curves (Fig. 2a–h) were calculated using the peak
volumes over areas determined by the characteristic drift time
and retention time for each substance. The same areas were
used to quantify the compounds in the skin samples. Instead
of straight regression lines, polynomial or exponential calibra-
tion functions are commonly used for ion mobility spectrometry
to model the saturation effect occurring due to the maximal
amount of reaction ions (H3O+)n available [23]. These are the
main proton donors during the ionization process. However, in
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electe
t
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w
wFig. 2. (a–h) Calibration curves of the she lower concentration ranges from 0.2 to 5 ppb linear function
s a good approximation of the IMS  response. Detection limits
ere evaluated from the calibration curves using t-distribution
ith 95% probability and amounted to 1.0 ppb for 2-ethyl-hexanol,d compounds measured with GC–IMS.0.6 ppb for 3-methyl-2-butenal, 0.3 ppb for decanal, 0.5 ppb for
nonanal, 0.6 ppb for octanal, 0.7 ppb for 6-methylhept-5-en-2-one,
0.3 ppb for benzaldehyde and 0.2 ppb with a signal-to-noise ratio
S/N = 3.
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Table  1
The validation parameters; retention times (Rt), LODs (ppb), RSDs (%), correlation coefﬁcients (R2) and linear ranges (ppb) obtained for compounds under study using GC–MS.
VOC CAS Rt (min) RSD (%) LOD (ppb) R2 Linear range (ppb)
n-Butyl acetate 123-86-4 26.17 3 0.1 0.999 0.3–30
Benzaldehyde 100-52-7 28.89 12 0.2 0.985 0.6–31
6-Methylhept-5-en-2-one 110-93-0 31.12 7 0.3 0.986 0.9–40
Octanal 124-13-0 31.86 11 0.3 0.978 0.9–17
Table 2
Average retention times and calculated reduced ion mobilities (K0) with standard deviations, numbers of replications (n) for identiﬁed compounds measured in gas standards
and  in skin samples using GC–IMS.
Substance CAS Retention time
(gas standards)
n = 14 (s)
Reduced mobilities K0
(gas standards)
n = 14 (cm2 V−1 s−1)
Retention time
(sample)
n = 30 (s)
Reduced mobilities K0
(sample)
n = 30 (cm2 V−1 s−1)
3-Methyl-2-butenal 598-75-4 10.7 ± 0.4 1.201 ± 0.018 10.8 ± 0.3 1.220 ± 0.010
Sec-butylacetate 105-46-4 12.7 ± 0.1 1.058 ± 0.022 12.8 ± 0.4 1.081 ± 0.024
Benzaldehyde 100-52-7 26.5 ± 0.7 1.149 ± 0.005 27.1 ± 0.3 1.145 ± 0.002
6-Methylhept-5-en-2-one 110-93-0 31.4 ± 0.3 1.135 ± 0.007 31.6 ± 0.3 1.142 ± 0.006
Octanal  124-13-0 33.53 ± 0.8 0.949 ± 0.011 34.1 ± 0.2 0.952 ± 0.015
2-Ethyl-hexanol 104-76-7 42.3 ± 0.8 0.936 ± 0.008 43.9 ± 0.7 0.951 ± 0.011
Nonanal 124-19-6 72.4 ±  0.5 0.904 ± 0.008 73.4 ± 0.4 0.909 ± 0.008
Decanal  112-31-2 172.7 ± 1.3 0.866 ± 0.009 174.4 ± 1.2 0.873 ± 0.008
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For peak identiﬁcation a library containing both retention time
and drift time of measured standards was set up based on previous
GC–MS investigations [8,9], which were compared with the peakAmmonia 7664-41-7 6.5 ± 0.4 
Ethanol  64-17-5 6.2 ± 0.3 
.5. VOC analysis by SPME/GC–MS
The GC–MS analyses were performed using an Agilent
890 A/5975 C GC–MS system (Agilent, Santa Clara, CA, USA).
uring the ﬁbre desorption, the split/splitless inlet operated in
he splitless mode (1 min), followed by the split mode at ratio
:35. The analytes under study were separated using a PoraBond
 column (25 m × 0.32 mm,  ﬁlm thickness 5 m,  Varian, Palo Alto,
A, USA) working in a constant ﬂow mode (helium at 1.4 ml/min).
he column temperature programme was as follows: 40 ◦C for
 min, increase to 260 ◦C at a rate of 7 ◦C/min, hold at 260 ◦C for
 min. The mass spectrometer worked in a SCAN mode with an
ssociated m/z  range set between 20 and 200. The quadrupole,
on source and transfer line were maintained at 150 ◦C, 230 ◦C and
80 ◦C, respectively.
.5.1. Data evaluation
Compounds were identiﬁed in two steps. First, the peak spec-
rum was checked against the NIST mass spectral library. Next,
he NIST identiﬁcation was conﬁrmed using the retention times
btained from the standards prepared from pure compounds.
.5.2. Calibrations
Calibration standards were produced by injecting of 1 l of
ure compound into an evacuated 1-l glass bulb (Supelco, Oakville,
ntario, Canada). Next, the bulb was heated to 80 ◦C for 15 min
n order to ensure evaporation and subsequently balanced with
igh-purity nitrogen. This primary standard was used to prepare six
econdary calibration mixtures. This was accomplished by transfer-
ing appropriate amounts of primary standard into 3-l Tedlar bags
SKC Inc., Houston, USA) already pre-ﬁlled with 2500 ml  of nitro-
en. Effectively, gas mixtures with volume fractions ranging from
.5 to 30 ppb were used during calibration and validation of the
nalytical method.
Limits of detection (LODs) were calculated using the mean value
f the blank responses and their standard deviations obtained on
he basis of seven blank measurements. The limit of quantiﬁcation
LOQ) was deﬁned as three times the LOD. The relative standard
eviations (RSDs) were calculated from ﬁve consecutive analyses
f standard mixtures. The validation parameters, retention times953 ± 0.005 6.4 ± 0.3 1.955 ± 0.004
526 ± 0.008 6.2 ± 0.2 1.516 ± 0.007
(Rt), LODs (ppb), RSDs (%), correlation coefﬁcients (R2) and linear
ranges (ppb) obtained for compounds under study are presented in
Table 1.
3. Results
Combination of ion mobilities and retention time of the analytes
permits 3D visualization of the measured data. For such a plot char-
acteristic drift time and retention time of the analytes are presented
on the X and Y axes, respectively, with both parameters being used
for compound identiﬁcation. Peak height enabling quantiﬁcation
of the compounds is illustrated by the colour scale. The 3D GC–IMS
chromatogram, as shown in Fig. 3, displays the pattern of VOCs
emitted by the skin. More than 20 peaks were detected in the sevenFig. 3. 3D-visualization of IMS-chromatogram of emitted skin VOCs. Drift time and
retention time are presented in X- and Y-axis, respectively, and peak height is dis-
played using colour-scale.
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arameters detected in skin samples. The measured unknown peak
nd a library peak were considered to match if the difference in the
easured drift times for standards and skin samples was  less than
%, and for retention times less than 5%. The eight compounds men-
ioned above were identiﬁed and detected in almost every skin gas
ample. Table 2 shows the average retention times and calculated
obilities with standard deviations (SD) of the compounds under
tudy.
.1. Observed VOCs in skin samples
Five of the eight compounds identiﬁed belong to the group of
ldehydes. One of the possible sources of aldehyde production is
ipid peroxidation, in which process they are formed as secondary
roducts alongside simple hydrocarbons. As an example, decanal
ay  be formed by decomposition of oleic acid [25], which is a
ommon fatty acid contained in skin sebum. In this process a fatty
cid radical is ﬁrst produced by the reaction of a free radical with
he fatty acid (2). This reaction involves hydrogen atom abstrac-
ion. The fatty acid radical reacts with oxygen, forming a fatty acid
ydro-peroxide (2) [26].
H3 (CH2)7 CH CH (CH2)7COOH → CH3 (CH2)7
CH CH CH• (CH2)6COOH + H• (1)
After that, the most probable process is the production of an
lkoxy radical from hydro-peroxide, which results in an additional
ydroxyl radical according to the following reaction (3):
The alkoxy radical may  then cleave at the position beside the
ouble carbon-carbon bond (next to the hydro-peroxide group)
4). There, an alkyl radical containing ten carbon atoms may  be
roduced at the methyl end of the molecule. This radical can then
ombine with a hydroxyl radical to produce an alcohol, from which
n aldehyde (decanal) can be formed through tautomerization (5)
27].
H3 (CH2)7 CH CH• + •OH → CH3 (CH2)7 CH CHOH
↔ CH3 (CH2)7 CH2CHO (decanal) (5)
In addition to decanal, other aldehydes in the same homolog
eries such as octanal and nonanal can be formed in a similar pro-
ess, e.g. from the C9 alkyl radical or the C8 alkyl radical.
The above-mentioned three aldehydes were detected in almost
very skin sample. They show similar trend with regard to mean
oncentrations for individual volunteers (Figs. 4 and 5). Thus,
ctanal, nonanal and decanal can each be found at comparatively
igher levels with a mean value of 4.3 ppb, 7.1 ppb and 4.7 ppb,
espectively, in samples from Volunteer 2. The lowest levels were
ound for Volunteer 5, in whose samples octanal was  not detected,
onanal reached a mean value of 0.6 ppb and decanal 1.5 ppb. For
hese concentrations the IMS  response can be well modelled by
he linear function. Thus, it could be assumed that a sufﬁcient
umber of reaction ions is present for ionization and that quan-
iﬁcation is therefore precise. Octanal was conﬁrmed by means of
C–MS analysis in two of the three volunteers examined. Although
he calculated concentrations of GC–MS measurements are tenfoldgr. B 911 (2012) 84– 92 89
(2)
(3)
(4)
those of IMS  values, they stay in the low ppb range. This difference
between the results of the two independent techniques might be
attributed to different sample preparation, calibration procedures
and sensitivity for particular compounds.
During the 1 h sampling time yielding 12 consecutive analyses
the concentration proﬁles of these three aldehydes were found to
increase for almost every subject, as shown for decanal in Fig. 5a.
This evidences the suggestion that these compounds are emanated
by the skin. The production rate can be estimated as about
0.12–1.82 g/(h m2) skin surface for decanal, 0.16–1.96 g/(h m2)
for nonanal, and 0.87–1.53 g/(h m2) for octanal. Although one
possible process for the production of aldehydes could be lipid per-
oxidation as deduced above, their biological origin remains unclear
and should be conﬁrmed in further investigations.
For the two other aldehydes, namely benzaldehyde and 3-
methyl-2-butenal, a similar trend in the seven persons’ skin
samples was observed: they were in the same range of approx-
imately 0–2.6 ppb for each compound. For 3-methyl-2-butenal
Volunteer 3 showed the highest mean value (1.8 ppb), for benz-
aldehyde Volunteer 5 the highest (1.5 ppb), exhibiting high RSDs
(56% and 86%, respectively) in calculated concentrations (Fig. 6a
and b). No signiﬁcant increase in concentrations was  found during
the 1 h experiment times for these compounds. Moreover, benzal-
dehyde and 3-methyl-2-butenal were also measured in room air
samples at a mean level of 0.5 ppb and 0.7 ppb, respectively. The
GC–MS analyses detected benzaldehyde, but not 3-methyl-butenal.
Benzaldehyde concentrations were computed in the samples of
Volunteers 6 and 7 as 10.1 ppb and 3.8 ppb, respectively. The great
difference in concentration of up to one order of magnitude as
compared to IMS  measurements may  result from the high blank
signals obtained with GC–MS. Thus, these compounds may either
stem from the environment or be emitted by the skin due to the
inﬂuence of food and cosmetics as well as frequently used ﬂavour-
ing agents. Benzaldehyde is an aroma compound used particularly
in artiﬁcial cherry and almond ﬂavours and is also a constituent of
many other kinds of food like sausage and wine [28,29].  3-Methyl-
2-butenal occurs naturally in several plants like the blackberry (up
to 0.34%) [30] and wild ginger (0.05%) [31] and additionally in raw
beef (0.36%) [32] and dry fermented sausage [33]. With regard to
the other aldehydes, nonanal is a constituent of tea [34] and cooked
black rice [35]. Octanal has been detected in orange juice [36] and
orange essence oil [37], while decanal may  contribute to the aroma
of ham [38]. The fact that these compounds could not be detected
in room air samples – with the exception of nonanal at concentra-
tions below 0.5 ppb – may  conﬁrm the assumption that these three
aldehydes might originate from peroxidation of skin lipids.
The remaining compounds, 2-ethyl-hexanol, 6-methyl-5-hept-
2-one and sec-butyl acetate, show no coherence in the skin proﬁle
of the different persons. Each of these compounds was  also detected
in the room air samples using IMS. Their mean concentrations
were 0.9 ppb for 2-ethyl-hexanol, 1.3 ppb for 6-methyl-5-hept-2-
one and 0.9 ppb for sec-butyl acetate. The latter was not found in
the samples of Volunteers 6 or 7 and its maximal observed value
amounted to 1.6 ppb (Volunteer 3). During the 1 h measurement
time it shows a decreasing proﬁle in almost every volunteer (see
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Fig. 4. (a and b) Concentration proﬁle of octanal and nonanal detected in gas samples collected above skin.
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i
a
6ig. 5. (a) Concentration proﬁle of decanal detected in skin samples of seven volun
ig. 7b). Thus, it is probable that sec-butyl acetate arises from the
nvironment and the decrease in its concentration can be explained
y the dilution of the nitrogen stream (3 ml/min) used for rinsing.
Furthermore, 2-ethyl-hexanol and 6-methylhept-5-en-2-one
an be exogenous contaminants, since they occur naturally
n air are emitted by plants, moulds [39], several herbs and
s a fragrance contained in cleaning agents [40]. In addition,
-methylhept-5-en-2-one as an ingredient in essential oils
Fig. 6. (a and b) Concentration proﬁle of 3-methyl-2-bute (b) increasing emitted concentration values for decanal during skin experiments.
extracted from lemon grass can be found in various cosmetics and
foods [40]. Accordingly, the difference between the mean values
of 2-ethyl-hexanol measured in skin samples is rather small at
1.2 ppb and 1.8 ppb (Fig. 8). In the case of 6-methylhept-5-en-2-one
comparatively high concentration values with high SD (mean
4.1 ppb) were measured for Volunteer 7. From this it can be
assumed that this compound is adsorbed on the skin surface
and probably arises from cosmetics. While the experiments were
nal and benzaldehyde detected in skin gas samples.
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Fig. 7. (a) Concentration proﬁle of sec-butylacetate detected in gas samples collected above skin; (b) decrease of sec-butylacetate concentration during skin measurements.
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erformed in two labs, room air contamination would inﬂuence
easurements in other volunteers and also result in higher con-
entration differences.
Detection of 6-methylhept-5-en-2-one was conﬁrmed by
C–MS analysis. In agreement with the IMS  results the highest
oncentrations were observed in Volunteer 7 and the lowest in
olunteer 6. Although the data obtained with the various tech-
iques show a tenfold difference (Table 3), concentration values
how good agreement with regard to low concentration levels and
he different blank concentration values.
.2. Reproducibility of skin measurementsSince the emission of volatile organic compounds is inﬂu-
nced by various factors, different tests for the determination
f reproducibility were performed. Here, we  were interested in
able 3
ean concentrations of compounds detected in comparative GC–MS and GC–IMS analyses
re  subtracted.
Compound CAS Volunteer 5 mean 
GC–MS
n = 2
GC–IM
n = 18
Benzaldehyde 100-52-7 0.0 0.8 
5-Hepten-2-one, 6-methyl- 110-93-0 5.2 0.5 
Octanal 124-13-0 5.3 0.6 d 6-methylhept-5-en-2-one detected in skin samples.
investigating daily changes in compounds emanated by the skin as
well as the inﬂuence of sampling place, and especially the effects
of room air contaminants occurring at various concentrations
levels. The ﬁrst column in Table 4 shows standard errors of mean
values of the detected compounds calculated from experiments
performed in the same volunteer at the same time, but on different
days. The highest standard error (36.66%) was  calculated for
3-methyl-2-butenal, the smallest for benzaldehyde (9.37%). For
octanal, nonanal and decanal, mean SE values were determined to
be 16.73%, 12.44% and 11.02%, respectively.
Performing the tests at different times on different days revealed
a higher SE for each of the compounds except 6-methylhept-5-en-
2-one, 2-ethyl-hexanol and decanal. One reason for this could be
the daily variation in room temperature at the sampling place. This
variation inﬂuences the transpiration rate and thus the amount of
VOCs released.
 of skin samples in case of three volunteers. Blank values of the particular substances
Volunteer 6 mean Volunteer 7 mean
S GC–MS
n = 2
GC–IMS
n = 12
GC–MS
n = 2
GC–IMS
n = 14
10.1 0.9 3.8 1.5
2.0 0.2 11.5 4.1
0.0 0.8 11.4 1.5
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Table  4
Mean values and relative standard errors of means (RSE) for skin gas compounds in reproducibility tests. Experiments belonging to different tests were carried out by the
same  volunteer.
Substance Daily reproducibility (at the
same time on different days)
n = 38
Reproducibility of
measurements at different
times on different days n = 37
Reproducibility of
measurements investigated in
two different labs n = 25
Mean RSE Mean RSE Mean RSE
3-Methyl-2-Butenal 0.130 36.66% 2.567 74.59% 0.141 56.54%
Sec-butylacetate 0.234 25.44% 0.365 37.34% 0.265 19.56%
Benzaldehyde 0.344 9.37% 0.685 29.07% 0.369 9.64%
6-Methylhept-5-en-2-one 0.960 19.95% 1.008 14.12% 1.152 2.87%
Octanal 0.579 16.73% 2.899 10.74% 0.667 10.94%
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[2-Ethyl-hexanol 0.515 9.40% 
Nonanal 1.386 12.44% 
Decanal 2.414 11.02% 
Interestingly, tests performed in the same volunteer but in two
ifferent labs showed a smaller SE. This conﬁrms the necessity of
urging of the metal pan prior to measurements in order to elimi-
ate the majority of room air contaminants.
. Conclusions
The present paper demonstrates that MCC–IMS can be used for
ear real-time monitoring of human skin emissions. The method is
ased on the high sensitivity of IMS  for compounds from numer-
us chemical classes, like ketones, aldehydes, alcohols and esters.
rom more than twenty detected analytes, eight identiﬁed and
uantiﬁed in samples taken from the skin head-space of 7 volun-
eers. Three of them octanal, nonanal and decanal, may  originate
s volatile metabolites produced by the skin. In this study a narrow
emographic range with regard to age was set when examining the
pplicability of the method developed. Forthcoming studies will
im at investigations of age dependence of skin emission, changes
n released VOC proﬁles after stress situations such as UV irradia-
ion, skin rash or select skin diseases.
These preliminary results should encourage further research for
 better understanding of the constitution and role of human scent
nd its basic biochemistry.
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